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WAFERLESS FIBER FABRY-PEROT FILTERS 



CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority under 35 U.S.C. 119(e) to provisional patent 
application 60/418,767, filed October 15, 2002, which is hereby incorporated by 
reference in its entirety to the extent not inconsistent with the disclosure herein. 

BACKGROUND OF THE INVENTION 

A Fabry-Perot (FP) filter is made of a pair of mirrors separated by a selected 
optical path length which form the resonance cavity of the filter. A FP filter passes a 
narrow band of light determined by the reflectivities of its mirrors which satisfy a 
resonance condition such that when the optical length of the round-trip length of the 
cavity is an integer of a wavelength, then that wavelength together with a narrow band 
resonates inside the cavity, and passes through the filter with no (theoretically) or very 
low loss. 

For a fixed FP cavity length, the resonant wavelength changes periodically. 
The period of the resonant wavelength is called firee spectral range (FSR) of the filter. 
Fig. 3 A is a representative FP filter output which illustrates the definitions of FSR and 
bandwidth (BW) of such a filter. Finesse (^ is a fimction of BW and FSR and is 
expressed as: ^= FSR/BW. Figure 3B illustrates the glitch firee dynamic range 
(GFDR) of a filter. The GFDR characterizes the level of the undesired multi-mode 
FP structure relative to the fundamental mode transmission peak, and is defined as the 
ratio of the peak value of the resonance mode to the value of the peak spurious 
spectral content (measured over the entire FSR). 

By changing cavity length, the FSR of an FP filter can be changed, and the 
resonant wavelength can be tuned. Three types of FP tunable filters are typically used 
in fiber-optic communications. One is a lensed FP interferometer, another is a 
microelectromechanical system based FP filter (MEMS-FP filter), and the other is an 
all fiber FP mterferometer. 



In a lensed FP filter, the light propagating inside a single-mode fiber is first 
coUimated by a (Gradient Index) GRIN lens, then enters a bulk optic FP cavity, and 
the transmitted wavelength is coupled back to a single mode fiber by another GRIN 
lens. The expanded beam size of such a filter results in reduced stability and optical 
5 performance, and also limits the filter FSR that can be achieved. A MEMS-FP filter 
uses curved and suspended dielectric mirrors, and as a result tends to suffer firom 
mechanical and thermal instabilities. 

An all fiber Fabry-Perot tunable filter (FFP-TF), illustrated in Fig. 1, is an all- 

10 fiber device that consists of two mirrors (10 and 12) deposited directly onto fiber ends 
(9 and 11, respectively), a single-mode fiber (SMF) waveguide (20, 5)am to 10mm in 
length, also called a wafer) of selected length, bonded to one mirror (10. the 
embedded mirror). The internal end of the wafer (13) and the mirror-ended fiber end 
(11) are spaced apart to form a l-2|am air-gap (21) within the cavity. To provide 

15 tunability, a FFP may be designed such that the length of the air gap in the resonance 
cavity may be selectively adjusted to tune the filter. The FFP configuration of Fig. 1 is 
illustrated as a fiber ferrule assembly in which fibers (5 and 7) each having a fiber 
core (22) and fiber cladding (23) are fixed within the axial bores of ferrules (1 and 3). 
Wafer 20 is formed by aligning and bonding the ends of two ferrule confined fibers 

20 and cutting one to the desired wafer length to provide the wafer (20) bonded to the 
ferrule (1). The entire optical configuration is aligned within a fixture or holder 
which maintains fiber alignment and allows the cavity length to be tuned without 
significant loss of alignment. For example, the holder is provided with a piezoelectric 
actuator (PZT) to allow the cavity length to be changed and, thus, provide wavelength 

25 tuning and control with positioning accuracy of atomic dimensions. 

Figure 2 provides a schematic illustration of an alignment/tuning fixture 40 for 
FFP filters. Ferrules 1 and 3 (containing fibers 5 and 7, respectively) are held within 
ferrule holders 35 and 37 of fixture 40 with internal ends aligned and spaced apart to 
30 form the air gap. Ferrule holders 35 and 37, into which the ferrules are inserted and 
held in alignment, are attached on either side of a PZT element (36) which changes its 
length (along its axis 25) on application of a voltage. The PZT element (36) has an 
axial bore into which the ferrules extend and within which the FFP cavity is formed. 
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Fixed frequency Fiber Fabry-Perot filters with a resonance cavity having a fixed 
optical path length have also been described. 

Examples of fixed and tunable FFP filters and holders for alignment and 
5 tuning of such filters are provided in U.S. patents 5,212,745; 5,212,746; 5,289,552; 
5,375,181; 5,422,970; 5,509,093; 5,563,973; 6,241,397; and U.S. patent application 
serial number 10/233,011. Fixed firequency and tunable FFP filters have various 
applications in the fields of sensing and telecommunications as exemplified in U.S. 
patents including 5,892,582; 6,115,122; 6,327,036; 6,449,047; 6,137,812; 5,425,039; 
10 5,838,437; and U.S. patent applications serial numbers 09/633,362; 09/505,083; 
09/669,488. All of which are incorporated by reference in their entireties herein to the 
extent that they are not inconsistent with the present application. 

FFP-TFs are robust and field-worthy compared to lensed and 
15 microelectromechanical Fabry-Perot interferometers. The key to the stable, high 
performance characteristics of the all-fiber filters is the presence of the intemal SMF 
waveguide (wafer) that provides intra-cavity waveguiding, eliminates extraneous 
cavity modes, and eases mirror alignment required for high-finesse and low-loss 
operation. Total fiber length inside the wafer or waveguide within the FFP cavity 
20 ranges fi"om a few micrometers to a few millimeters for telecommunication 
components. An important characteristic of FFP-TFs is the high accuracy with which 
measured response corresponds to theoretical response. However, due to the high 
precision requirements for making a wafer or waveguide of selected length, it 
becomes very difficult to fabricate wafered cavity filters with wide-FSR (>100nm). 

25 

To maximally utilize the channeling capacity that single mode optical fibers 
can offer, the telecom industry is exploring systems that utilize wavelengths at both C 
(central) and L (long) bands (1520 - 1620 nm), and will soon expand these systems to 
the S (short) band (1420 - 1520 nm). One application for FFP tunable filters is as 
30 spectrum analyzers for channel and performance monitoring in a network. In order to 
monitor both the C and L bands, the FSR of the filter should be greater than about 115 
nm. To achieve such a wide FSR in an FFP-TF configuration using a wafered cavity, 
a wafer length of less than about 3.5 micron is needed. In addition to the difficulties 
inherent in the reproducible manufacture of fiber wafers of short and precise length. 
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the beam shaping effect of the wafer decreases with its length and as a result filters 
having such short wafers can exhibit high sensitivity to alignment offset. Decrease in 
manufacturing yield due to machining imperfections and difficulty with fiber 
alignment makes production of wafered FFP filters for applications requiring a FSR 
5 greater than about 1 00 nm impractical. 

The present invention provides improved FFP filter design, particularly for 
high FSR applications, which overcome the problems encovintered in FFP filters 
having wafered cavities. In addition, the invention provides wafered FFPs with lower 

10 light losses and decreased sensitivity to alignment offset. These improved designs 
rely generally on shaping or contouring of at least one of the fiber ends that form the 
FFP cavity. More specifically, as described in more detail below, a mirrored fiber end 
of the FFP cavity is shaped so that the fiber core end and the fiber cladding end of the 
fiber end are shaped or contoured differently. Preferably the fiber core end is concave 

1 5 and the fiber cladding is flat, convex or concave with a curvature that is different firom 
that of fiber core end. 

It is known in the art to shape fiber ends in fiber couplers, for example, to 
decrease pressure at the end faces of the fibers and decrease light loss (U.S. patents 

20 5,887,099; 5,796,894) by use of a planar undercut or to reduce back reflection (U.S. 
patent 5,037,176) by providing the fiber end with a concave polish. It is also known 
in the art to employ convex spherical shaping (doming) at a fiber end in a coupler 
(see Background section of U.S. patent 6,113,469). Various methods are known in 
the art for shaping the end of a fiber. Typically, the fiber is inserted into a fiber 

25 ferrule and the ferrule end and fiber end may shaped by polishing or grinding methods 
known in the art of fiber optics. 

U.S. patent 6,445,838, issued September 3, 2002, relates to fiber Fabry-Perot 
resonators in which a plurality of fiber retainers are disposed on a substrate for 
30 moimting and aligning the fiber Fabry-Perot (FFP) resonator. A pair of "binders" are 
"disposed on the substrate ... proximate selected opposed pairs" of fiber retainers. 
Figure 4 of the patent illustrates the use of a concave mirror-coated fiber end in the 
formation of the FFP resonator. A "flat-concave" configuration and a "concave- 
convex" configuration are reported. The "flat-concave" configuration is reported to 
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be a "very efficient resonator." Figure 4 illustrates fibers having a concave end 
indicating the fiber core and the fiber cladding. It is noteworthy that no distinction is 
made in the patent between the shaping of the fiber core end and the fiber cladding 
end. Figure 4 illustrates a continuous concave curve over the entire fiber end with no 
5 difference in curvature between the core end and the cladding end. In a configuration 
reported to be preferred, the curvature radius of the fiber end is made to "match the 
curvature of the wavefi-ont" inside the cavity. The shaping of the fiber end is reported 
to limit the transmission loss of the resonator. 

1 0 SUMMARY OF THE INVENTION 

The present invention provides FFP filters in which at least one of the 
mirrored fiber ends that form the FFP resonance cavity has a fiber core that is shaped 
to be concave to provide a concave mirror at the fiber core end. In particular 
embodiments, one of the mirrors of the FP cavity is formed at a concave fiber core 

15 end. Concave shaping of the fiber core end functions to provide a concave mirror at 
the fiber core and provide beam shaping of light through the gap in the FP resonance 
cavity or the resonance cavity itself to decrease loss in the cavity and to decrease 
sensitivity of transmission through the cavity to alignment offset. The present 
invention provides embodiments having one or more concave fiber core ends wherein 

20 the gap between mirrors is the FFP resonance cavity. The present invention 
additionally provides FFP filters wherein at least one of the mirrored fiber ends that 
form the gap within the FFP cavity is formed at a fiber end in which the fiber cladding 
and the fiber core ends are differentially contoured. In an exemplary embodiment, the 
fiber core is provided with a concave end and the cladding is differentially shaped 

25 with respect to the contour profile of the core. Exemplary shapes for fiber cladding 
useable in the present invention include, but are not limited to, flat or planar shaped, 
convex and concave having curvature that is distinguishable from that of the fiber 
core. In an exemplary embodiment, the mirrors provided at one or both of the fiber 
ends are one or more thin layer reflective surfaces that conform to the shape or 

30 contour of the fiber end (i.e., the cladding end and the core end). In another 
embodiment, the contour profile of the fiber core end is selected to match the spatial 
distribution of the wavefront propagating through the cavity. More specifically, the 
radius of curvature of the concave fiber core end is selected to match the radius of 
curvature of the wavefront propagating through the cavity. Differential shaping of the 
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fiber cladding and the fiber core end is beneficial because it provides for lower light 
losses, decreased sensitivity to fiber alignment mismatch and increased glitch free 
dynamic range (GFDR) of the filter. 

5 In one embodiment, the present invention provides FFP filters in which the 

resonance cavity is formed directly between the aUgned mirror-coated ends of optical 
fibers and in which at least one of the fiber ends has a concave fiber core end. The 
cladding of the fiber end having the concave fiber core end can be flat or planar, 
convex or concave, but when the cladding has a concave contour, the concave contoxir 

10 profile and/or curve of the fiber core end and the concave contour profile and/or curve 
of the cladding end are discontinuous at the boundary between the fiber core and 
cladding. In a specific embodiment, when the core and cladding of a fiber end are 
both contoured or curved to be concave, the concave contour profile of the fiber core 
end and that of the cladding end of the fiber can have curvature that is different and/or 

15 the concave curve of the fiber core end can be offset from that of the fiber cladding 
end. In one example, the curvature of the concave core and concave cladding is 
different if the radii of curvature of the concave core and concave cladding are 
different. In another embodiment, the curvature of the fiber core is the same as that of 
the fiber cladding, but the concave curve of the fiber core end is offset from that of the 

20 cladding (as illustrated in Fig. 8C). Exemplary FFP filters of this aspect of the 
present invention do not have a length of fiber extending substantially through the 
resonance cavity as is provided in wafered FFPs and, as such, are waferless. The 
optical fiber ends, including the end face of the fiber core and the end face of the 
cladding of the fiber are shaped as indicated above to provide beam shaping to 

25 decrease filter loss, to provide for increased glitch-free dynamic range and to decrease 
alignment sensitivity of the filter. 

In specific embodiments, FFP filters are provided in which the mirror-coated 
fiber ends of the two fibers forming the filter are differentially shaped or contoured. 
30 A nimiber of combinations of differentially shaped fiber end pairs are possible as 
illustrated in Figs 6a-j. In exemplary embodiments, however, both of the fibers of the 
FFP have mirror-coated concave fiber core ends. In specific examples of the present 
invention, include but are not limited to,: 
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two concave fiber ends, both with concave core end and concave cladding end, 
but the core and cladding having different end curvature, are combined to form an 
FFP of this invention (Fig. 6a); 

5 two fibers, both with concave fiber core ends and both with convex cladding 

ends are combined (Fig. 6b) to form an FFP of this invention.; 

two fibers with a flat or planar cladding ends and concave fiber core ends are 
combined (Fig. 6c) to form an FFP of this invention.; 

10 

a fiber with a flat or planar cladding end and a concave fiber core end are 
combined with a concave fiber end in which the core and cladding ends are both 
concave, but have differential curvature (Fig. 6d) to form an FFP of this invention.; 

15 a fiber wdth a flat or planar cladding end and a concave fiber core end are 

combined with a fiber end in which the core end is concave and the cladding end is 
convex (Fig. 6e) to form an FFP of this invention,; and 

a concave fiber end having a concave core and differentially curved concave 
20 cladding and a fiber with a concave core end and a convex cladding end (Fig. 6f) are 
combined to form an FFP of this invention. 

The contoured fiber ends, fiber core ends and fiber cladding ends of the 
present invention provide a means of adjusting the spatial distribution of light in a 

25 Fabry-Perot resonance cavity. Methods and devices of the present invention 
providing a means of adjusting the spatial distribution of light passing through a 
Fabry-Perot resonance cavity are usefiil for reducing light loss in the cavity, 
minimizing device sensitivity to optical fiber misalignment and achieving high 
GFDR. The methods and devices of the present invention include other means of 

30 shaping the spatial distribution of light in a Fabry-Perot resonance cavity, such as use 
of wave guides and wafers having one or more contoured surfaces, preferably end 
surfaces. 
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A waferless FFP is formed by aligning the mirror-ended fibers which are held 
in alignment within a holder or by attachment to a substrate. Typically, the mirror- 
coated fiber ends are aligned with a selected spacing or gap between the fiber ends. 
This spacing or gap defines the FP cavity optical path length between the fiber ends. 
5 In fixed fi-equency filters, the spacing between the fiber ends is fixed. In tunable 
filters, the spacing between the fiber ends is selectably adjustable, for example by 
increasing or decreasing the distance between the ends by temperature tuning (e.g. to 
stretch or compress a substrate to which the fibers are attached by changing the 
temperature of one or more components comprising the filter, filter holder or filter 

10 alignment system), electromechanical tuning (e.g., by application of a voltage to a 
piezoelectric transducer mechanically attached to the fibers to change its length and 
change the relative spacing of the aligned fiber ends), or by other means known in the 
art (e.g., mechanical stretching or compression of a substrate). An exemplary ferrule 
holder which can be employed to align and tune FFP filters of this invention is 

15 illustrated in Fig. 2. In general, ferrule holders that have been employed in the art to 
align and tune wafered FFP filters are usefiil in the waferless FFP filter of this 
invention. 

FFP waferless filters of the present invention are particularly usefiil for optical 
20 filtering applications requiring large FSR. Use of FFP resonance cavities formed by 
one or more concave, reflective fiber ends avoids the need for incorporating a 
waveguide or wafer for beam shaping and minimizing light loss in the resonance 
cavity. In these embodiments, beam shaping is achieved by incorporation of one or 
more reflective fiber ends having shaped fiber cores and cladding, particularly fiber 
25 core ends having a concave contour profile. Without the spatial requirements needed 
for incorporation of a wafer or waveguide in the resonance cavity, waferless FFP 
optical geometries of the present invention may employ substantially smaller 
resonance cavity optical path lengths than conventional wafer containing FFPs. As 
FSR is inversely related to resonance cavity optical path length, the waferless FPP 
30 optical geometry of the present invention is capable of providing high throughput, 
optical filters having a large FSR, preferably larger than 100 nm for some 
applications. Further, the waferless FFP optical geometry of the present invention 
allows for efficient fabrication of optical filters having very well characterized and 



reproducible spectral properties, such as resonance frequency, free spectral and 
bandwidth. 

In another embodiment, the invention provides an FFP filter having a fiber 
5 wafer or waveguide within the FP cavity and wherein at least one of the mirrored 
fiber ends that are spaced apart to form a fixed or tunable FFP resonance cavity has a 
concave fiber core end. In this configuration, the concave fiber end functions to 
further decrease light losses already provided by the use of a wafer or waveguide and 
to decrease the sensitivity of the FFP to alignment offset. The fiber end having the 

10 concave fiber end is mirror-ended. An exemplary wafered FFP having fiber end 
shaping as discussed herein is illustrated in Figure 5. A wafered or waveguided FFP 
has at least one mirror embedded between two fiber ends, one of which is the internal 
end of a fiber and the other is the external end of a fiber wafer or waveguide (typically 
by deposition on an intemal fiber end, followed by alignment with and attachment to 

15 (e.g., using epoxy) to the extemal fiber end of the wafer). In a single-cavity wafered 
or waveguided FFP, a second mirror-ended fiber is aligned facing the intemal fiber 
end of the wafer or waveguide and a fixed or selectively adjustable gap is formed 
between the mirror-ended second fiber and the intemal end face of the fiber wafer or 
waveguide (which is not mirror-coated). In this configuration, the mirror-ended 

20 second fiber end has a concave fiber core end. In an altemative single-cavity wafered 
or waveguided FFP, the wave-guide or wafer may have a reflective surface, which is 
operationally coupled to a fiber end having curvature or no curvature. The cladding 
at the mirrored-end of the second fiber can be flat or planar, convex or concave, but 
with differential curvature from that of the concave core end. The intemal fiber end 

25 of the wafer or waveguide which is not mirror-coated may be flat, planar, convex or 
concave. Use of a wafer or waveguide having a curved fiber end may be useful for 
shaping the beam propagating through the resonance cavity. For example, use of a 
wafer or waveguide having a fiber end having a contour profile matching the radius of 
curvature of the wavefront propagating through the cavity may reduce sensitivity to 

30 fiber misalignment and minimized the loss of light in the resonance cavity. Further 
waveguides useable in this aspect of the present invention may comprise optical fiber, 
such as single mode optical fiber, having one or more contoured core ends and/or one 
or more contoured cladding ends. Contoured core ends and cladding ends of 
waveguides in useful in this aspect of the invention may have any contour profile 
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resulting in improved optical performance, such as decreased light loss, increased 
GFDR and reduced sensitivity to fiber misalignment. 

The present invention includes FFP filters having multiple resonance cavities, 
5 which are formed by the introduction of v^afers and waveguides into FFPs. These 
FFPs may contain one or more, but typically contain two, wafers or waveguides. In 
these cases, the multiple cavities are formed from one or more embedded mirrors and 
one or more mirrors at fiber ends. As in the single cavity FFP, in a multiple cavity 
FFP the mirror-ended fiber end which forms an FFP resonance cavity has a concave 

10 fiber core end. A multiple cavity FFP may contain two mirror-ended fibers that are 
shaped as described herein to have a concave fiber core end. The cladding of the fiber 
end having the concave fiber core end may be shaped to be planar, convex or 
concave, but with concave curvature that is discontinuous at the fiber core end and the 
fiber cladding end. The curvature of the cladding end and that of the core end are 

15 different. The combination of differentially shaped core and cladding decreases the 
sensitivity of the FFP to alignment offset, decreases loss and provides for increased 
glitch-free dynamic range. 

In specific configurations, waferless FFPs are provided in which both of the 
20 fibers forming the FFP have mirrored concave fiber cores ends. In these 
configurations the cladding of the fiber ends can be flat or planar, convex or concave 
with curvature that is discontinuous from that of the fiber core ends. Specific 
configurations include: one in which the cladding of both ends are planar, one in 
which the cladding of one end is planar and the other concave, one in which the 
25 cladding of one end is planar and the other convex; one in which the cladding of both 
ends are convex, one in which the cladding end of one end is convex and the other 
concave; or one in which the cladding of both ends are concave, but in which the 
curvature of the fiber core ends and that of the cladding ends are discontinuous. 

30 In one aspect, the present invention includes FFPs comprising at least one 

reflective intemal fiber end with a fiber core end characterized by a first contour 
profile and a fiber cladding end characterized by a second contour profile, wherein the 
first contour profile and the second contour profile are different. As used herein, the 
term "contour profile" refers to the three dimensional spatial orientation of a surface, 
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such as the siirface of a fiber core end, the surface of a fiber cladding end, the surface 
of a fiber end, the surface of a wafer or the surface of a waveguide. Contour profiles 
of the present invention may be recessed or concave, wherein the contour profile is 
such that the surface bends away firom a defining plane, such as a plane which is 
5 positioned orthogonal to the optical axis of a resonance cavity. Alternatively, contour 
profiles of the present invention may be convex, wherein the contour profile is such 
that the surface bends toward a defining plane, such as a plane which is positioned 
orthogonal to the optical axis of a resonance cavity. Further, contour profiles useable 
in the present invention may be planar or flat, wherein the contoxir profile is such that 
10 the surface is substantially parallel to a defining plane. In preferred embodiments, 
deviations fi-om absolute parallelism are less than about 10%, more preferably less 
than about 5%. 

Contour profiles of the present invention may be continuous surfaces or 
15 discontinuous surfaces. Aitematively, contoxir profiles useable in the present 
invention may be characterized by both continuous regions and discontinuous regions. 
Contour profiles useable in the present invention may be substantially symmetrical 
about an axis, such as the fiber axis or the optical axis of the resonance cavity. In 
embodiments of the present invention providing minimized light loss in the resonance 
20 cavity and decreased alignment sensitivity, deviations firom absolute symmetry about 
the fiber axis is less than 10% and more preferably less than 5%. Aitematively, the 
present invention includes embodiments having contour profiles which are 
asymmetrical with respect to an axis, such as a fiber axis or the optical axis of a 
resonance cavity. 

25 

Contour profiles useable in the present may be characterized by a wide variety 
of mathematical relationships between position variables (x, y and z) including, but 
not limited to, exponential functions, hyperbolic functions, linear fimctions, 
logarithmic functions, spherical functions, elliptical functions, quadratic functions, 
30 polynomial functions, or any combination of these functional relationships. For 
example, contour profiles of the present invention may be characterized by a variety 
of three dimensional shapes including, but not limited to, cones, elliptical cones, 
planar surfaces, hyperboloids, hyperboloid segments, hyperboloid caps, hyperboloid 
cones, ellipsoids, ellipsoid segments, ellipsoid caps, ellipsoid cones spherical 
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segments, spherical cones, spherical caps, cylinders, conical frustums, and pyramidal 
frustums. As will be vmderstood by a person skilled in the art of the fabrication of 
fiber optic components and devices, it is very difficxilt to produce fiber cores and 
cladding having a contour profile characterized by any one absolute geometric shape 
5 or functionality, such as those functional relationship and shapes described above. 
Accordingly, the present invention includes embodiments having contovu: profiles of 
surfaces, such as the fiber core ends, fiber cladding ends, fiber ends, wafers and 
waveguides ends, which deviate from a selected absolute geometric shape or 
functionality, preferably exhibiting deviations less than about 10% and more 
1 0 preferably less than about 5%. 

In another aspect, the present invention includes FFPs comprising at least one 
intemal reflective fiber end with a fiber core end and a fiber cladding end 
characterized by similar contour profiles. In this embodiment, fiber core and fiber 
cladding have substantially the same contour profile but are oriented such that the 
combination of their surfaces does not result in a single continuous surface. Rather, 
the combination of the intemal surface of the fiber core end and the intemal surface of 
the fiber cladding end is discontinuous in the region where the two surfaces intersect. 
In an exemplary embodiment, the intemal surface of the fiber core end is offset from 
the intemal surface of the fiber cladding end by a selected offset distance. In another 
exemplary embodiment, one or more additional surfaces are disposed between the 
intemal surface of the fiber cladding end and the intemal surface of the fiber core end. 
In this embodiment, the additional surfaces may be characterized by one or more 
contour profiles which are different from the contour profile of the intemal ends of the 
fiber core and cladding. 

In an exemplary embodiment, the single cavity and multiple cavity FFPs of 
this invention are formed by introducing the fibers with contoured fiber core ends into 
alignment holders in which the cores of the fibers can be aligned to maximized light 
30 transmission through the cavity and where alignment can be maintained. Alignment 
fixtures, systems or holders can hold the fibers in a substantially fixed relationship to 
form a selected, fixed gap and resonance cavity optical path length. Any means of 
aligning optical fibers may be used in the present invention, such as use of fibers 
bonded or fixed to selectably positionable substrates, use of fiber fermle alignment 
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systems and use of tunable alignment systems. Altematively, alignment fixtures, 
systems or holders may provide a means for selectably adjusting the FP resonance 
cavity optical path length, typically by changing the length of the gap between fiber 
ends. Any means of selectably adjusting the optical path length of light through the 
5 resonance cavity may be used in the present invention. Most simply, the holder itself 
or a portion of the holder, can change length responsive to a stimulus, such as a 
change in temperature, change in pressure, a mechanical stretching or compressing 
force, or the application of voltage, and as a consequence of its change in length 
change the length of the cavity. 

10 

The present invention further provides optical devices which incorporate one 
or more FFPs of this invention. Optical devices of the present invention include, but 
are not limited to, tunable lasers, optical spectrum analyzers, wavelength or frequency 
analyzers or detectors, optical performance monitors, wavelength references, 

15 particularly those providing a comb of wavelengths, sensors and sensing devices (e.g., 
to detect changes in temperature, pressure, mechanical stretching or compression or 
the like), multiplexers and demultiplexer, optical signal generators, dense and coarse 
wavelength division multiplexers and demultiplexers, light filters, optical sources, 
detectors, fiber optic routing devices, optical alignment systems, add / drop filters and 

20 interferometers and more generally any optical devices known in the art to be 
implemented or capable of implementation employing a wafered or waveguided, 
tunable or fixed FFP. The FFP filters of this invention are preferred for applications 
in fields such as telecommunications, optical filtering, optical sensing, which benefit 
firom the use of an FFP filter, particularly a FFP filter having large FSR. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic illustration of a conventional single cavity wafered FFP 

filter. 

30 Figure 2 schematically illustrates a prior art ferrule holder alignment fixture 

that can be used to align and maintain the alignment of FFP filters of this invention. 
The holder can be provided with a piezoelectric transducer to change the length of the 
FFP cavity. 
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Figure 3A is a representative spectrum of the output of an FFP filter 
illustrating the definitions of free spectral range (FSR), band width (BW) and finesse 



5 Fig. 3B illustrates the definition of the glitch fi-ee dynamic range (GFDR) of a 

filter employing a representative filter output. 

Figure 4A illustrates a FFP formed by two mirrors with double concave cross- 
sectional profiles in core and cladding. Figure 4B illustrates an FFP formed by 
10 mirrors with single concave cross-sectional profile in core and cladding. Figure 4C is 
an expanded view of the cross-sectional profile of Figure 4A. 

Figure 5 is a schematic drawing of an exemplary wafered FFP filter having a 
mirror-ended fiber in which the fiber end has a double concave cross-sectional profile 
15 where the concave curve of the fiber core end is not continuous with (is discontinuous 
with) the concave curve of the fiber cladding end. In this case the FFP cavity is 
formed between and embedded mirror and a mirror at the fiber end. 

Figures 6a-f and h-j illustrate cross-sectional profiles of different fiber ends for 
20 use in FFPs of this invention. Profile g combines two concave shaped fiber ends in 
which the concave shape is continuous. Profiles c-f are preferred profiles for some 
applications. 

Figure 7 an experimentally determined cross-sectional profile of a fiber end 
25 having a double concave profile. 

Figures 8A-C illustrate the difference between concave core and cladding ends 
that are continuous (8A) and exemplary concave cores and claddings that are 
discontinuous (8B and 8C). 

30 

DETAILED DESCRIPTION OF THE INVENTION 

The terms firee spectral range, bandwidth and finesse are used generally as 
they are used in the art. Figure 3A illustrates the definitions of these terms in an 

14 



exemplary spectrum. Those of ordinary skill in the art will appreciate that the 
definitions of these terms may depend on the shape of the peaks in the spectral output 
of the filter. 

5 For descriptions herein an optical fiber has an internal end face and an extemal 

end. The intemal end is the fiber end that is closest to the fiber gap within the FFP 
cavity. Thus, two intemal fiber ends are aligned and spaced apart to form the gap 
within the FFP. A fiber contains a substantially axial longitudinal core sxirrounded by 
a cladding layer. Fiber Fabry-Perot fihers of this invention are formed between 

10 mirrors at the intemal ends of two fibers, between a mirror embedded between two 
fiber ends and one at an intemal fiber end or between two embedded mirrors. Mirrors 
are typically formed at fiber ends by deposition of one or more thin films, such as thin 
dielectric films, metallic films, salt films and semiconductor films. As used herein the 
term mirror is intended to encompass any reflective surface, layer or plxirality of 

15 layers. In an exemplary embodiment, the mirror or reflective surface is provided as 
one or more thin film layers that conforms to the shape or contour of the fiber core 
end or cladding core end upon which it is formed. In preferred embodiments the 
reflectivities of the mirrors forming the FFP cavity are high reflectivity, preferably 
having a reflectivity greater than 90% and more preferably greater than 98%. Fiber 

20 ends are spaced apart to form an air gap, and one or both of these fiber ends forming 
the gap can be coated with a mirror. In an exemplary embodiment, at least one of the 
mirror-coated fiber ends which form the gap or the cavity has a fiber core end that is 
concave which provided a concave mirror at the fiber core. The length of the air gap 
can be changed to change the length of the FFP resonance cavity and, thus, selectably 

25 adjust the wavelengths of light transmitted by the filter. The intemal fiber ends are 
opposed with fiber cores aligned to maximized light passage through the fibers across 
the gap. 

FFPs of this invention can be formed between two mirror-ended fibers 
30 wherein one or both of the fiber ends are shaped or contoured as described herein for 
improved optical properties of the filter. The fiber ends in this case form a fiber gap, 
which is the FFP resonance cavity. The fiber ends form one or two concave mirrors 
at the fiber core ends of the fibers. FFPs can be formed in which both mirror-ended 
fiber ends have concave fiber cores. The cladding end of the mirror-ended fiber ends 
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that form the gap cavity can be contoured or shaped differently from the fiber core 
end. The cladding end of a fiber may be convex or flat or may be concave, but with a 
curvatvire that is measurably different firom that of the concave core end of the fiber. 
In all cases mirrors formed at the shaped or contoured fiber ends conform to the shape 
5 or contour of the fiber core or cladding ends. 

The term concave is used broadly to describe an end surface of a fiber, fiber 
core or fiber cladding that curves away fi-om a reference surface. For purposes of this 
application we define the reference surface as a plane perpendicular to the 

10 longitudinal optical axis of the FFP resonance cavity (see, element 8 in Figure 1). As 
noted above, the terms internal and external when applied to fiber ends herein refer to 
ends that are toward the fiber gap and those that are away from the fiber gap, 
respectively. Fiber ends are defined for bare fibers, for fibers which may be held with 
the axial bore of a ferrule or for fiber-containing wafers (portions of ferrules of 

15 precisely selected length for use within FFP cavities) or fiber containing waveguides. 
The internal and external ends of fibers, wafers or waveguides are defined relative to 
each other, with the intemal end being the end that is closest to the fiber gap within 
the FFP. A concave surface at an intemal end of a fiber wafer or waveguide at the 
fiber core or the fiber cladding end curves away fi-om the reference plane towards the 

20 extemal end of the fiber. Analogously, the fiber cladding ends of optical fibers 
employed in FFP of this invention may be planar or curved. Curved fiber cladding 
ends may be concave or convex. The term concave in reference to the shape or 
contour of a fiber cladding has the same meaning as applied herein to fiber core ends. 
The term convex is used broadly herein to describe an end surface of a fiber, fiber 

25 core or fiber cladding that curves outward towards the reference plane in the fiber 
gap. In specific embodiments, the concave and convex shapes of the fiber core ends 
or the fiber cladding ends are typically symmetrical with respect to the axis of the 
fiber core on which they are formed. 

30 The shape or curvature of the fiber cladding end and/or the fiber core end is 

illustrated by cross sectional profiles, as shown in Figures 4A, 4C, 5, Figs. 6a-f and h- 
j, and Figs. 8B and C. Fig. 7 illustrates an experimentally measured fiber end contour 
profile. Cross-sectional profiles of fiber ends can be measured using optical profiling 
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techniques, see for example optical profiling instruments of Veeco Instruments, 
Woodbury NY. 

In preferred embodiments, the core and the cladding ends have different 
5 curvature — ^where the term curvature includes concave or convex curves and/or flat 
surfaces (where the curvature is 0). The shape of the cladding and the core ends are 
preferably cylindrically symmetrical around the axis of the fiber core, but 
unsymmetrical shaping is 2ilso encompassed within this invention. The concave shape 
of the fiber core end profile can be a smooth and symmetric shape, e.g., spherical, 

10 cylindrical, elliptical or parabolic or to may have a curve shape that can be described 
as a combination of such shapes. The profile of the concave fiber core shape may 
exhibit sharp or smooth transitions between curve shapes, including the transition 
between a flat cladding and a concave core. It is preferred that all transitions between 
curve shapes on the cladding and core are smooth transitions without sharp edges 

15 which can degrade optical performance of the filters. Smooth transitions include 
those in which the radii of the core and cladding are blended using a third radius such 
that all radii endpoints are tangential. As is known in the art for flat fiber endfaces, 
the shaped or contoured end faces of this invention are preferably polished to have an 
optical grade finish. 

20 

In general it has been foimd that improved optical performance (i.e., decreased 
light loss or improved glitch firee dynamic range (GFDR)) are obtained when there is 
a discontinuity between the contour or curvature of the fiber core end and that of the 
fiber cladding end. The term discontinuity is intended herein to refer to an inflection 

25 in the curve or contour of the end face at the transition or boundary between the core 
and the cladding. The discontinuity can be between a convex or flat (planar) cladding 
end and a concave fiber core. The discontinuity can also be between a concave 
cladding end and a concave core end, where the curvature of the core and cladding do 
not form a continuous curve, where the curvature of the core and the cladding are 

30 different and/or where the concave curve of the core is offset from that of the 
cladding. In a specific embodiment, optical improvements are obtained when there is 
a difference in radius of curvature between the fiber core end and that of the fiber 
cladding end of a fiber end. The difference in radii can be between a convex or flat 
(planar) cladding end and a concave fiber core. The difference in radii can also be 
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between a concave cladding end and a concave core end where the curvature of the 
core and cladding do not form a continuous curve with constant radius of curvature. 
In another embodiment of the present invention, optical improvements are obtained 
when the core and cladding of a fiber end have about the same radius of curvature but 
5 are offset from another by a selected distance. The radius of curvature of a contoxired 
core or cladding end can be measiured using optical profiling methods that are known 
in the art, such as microscopy, atomic force microscopy and scanning tunneling 
microscopy. Methods are known in the art for determining the radius of curvature of a 
curve or a portion of a curve, for example, by fitting circles to the curve or the portion 
10 of a curve. 

Examples of concave cores and claddings in which the radius of curvature of 
the core and the cladding are different are provided in Figs. 8B and C. Fig. 8A 
illustrates the case where the radius of curvature of the core and the cladding are the 

15 same. Fig. 8 A illustrates in a cross-sectional profile of a fiber (90) end where the 
concave curve of the core (91) and cladding (95) ends form a continuous concave 
curve (101). Figs. SB and 8C illustrate examples where the concave curve of the core 
end and that of the cladding end do not form a continuous cxirve. The curve of the 
concave end of the fiber core (102) and the curve of the concave end of the cladding 

20 (104) are illustrated in cross-sectional profile. The smooth continuation of the curve 
of the cladding through the core (106) is indicated as a dashed line in both Figs. 8 B 
and 8C. In the illustration of Fig. 8B, the concave curve of the core (102) is not 
super-imposable upon the continuation of the curve of the cladding end (106). In the 
illustration of Fig. 8C, the concave shape of the core (102) is super-imposable over 

25 that of the continuation of the curve of the cladding (106), but the curve of the core is 
offset from that of the cladding end. Note that an additional larger scale illustration 
of Fig. 8C (enlarged) is provided to emphasize that the curve of the core end in Fig. 
8C, while shallow, is concave. 

30 The waferless design of this invention has only an air gap inside the cavity, yet 

has improved performance especially for applications that require a wide free spectra 
range (FSR) of over 100 nm (12000 GHz) compared to FFPs having a wafer or 
waveguide positioned in the FFP resonance cavity. As shown in Fig. 6a-f and h-j, for 
example, the concave FFP filter has mirrors that have a concave profile in core area. 



18 



in contrast to the flat or convex mirrors in a prior art wafered FFP filter (Fig. 1). The 
concave mirror in the fiber core (formed by deposition of a thin fihn mirror on the 
concave fiber core end) is the key factor to achieve low loss and high finesse 
(F>2,000 and preferably F>5,000) since the mirror itself functions as a beam shaper 
5 inside the cavity. 

Fiber ends can be shaped and contoured as described herein using 
conventional grinding and polishing techniques. In a preferred method, fibers are 
introduced into the axial bore of fiber ferrules prior to shaping of the fiber end face. 

10 For optical fibers that have cores that are softer than their cladding, the double 
concave core can, for example, be readily obtained by final polishing of the fiber 
endfaces with slurry on a soft polishing cloth. Final polishing is performed after 
regular polishing to form a flat fiber end using polishing films typically of either 
cerium oxide or diamond. Final polishing, for example, of a Coming SMF-28 fiber 

15 with ceria or silica based slurries results in a concave profile in the fiber core area. If 
fiber ends are polished to shape while held within a ferrule, particularly when using 
slurry polishing, the type of ferrule material used may affect the contoxir formed at the 
end face. In some cases, for example, in shaping of a Coming SMF-28 fiber end with 
ceria or silica based slurries a concave profile in the fiber core area if formed 

20 regardless of the ferrule materials employed. Depending on the initial shape of the 
fiber endface, the final polish process (e.g., polishing materials used) and material 
properties of fermle and fiber, the cladding profile can be selected to be flat, concave, 
or convex, 

25 When applying polishing techniques to make the fiber ends of this invention, 

the ferrule material employed (e.g., ceramic or glass) and the particular polishing 
process (polishing material, etc.) in the shaping process can effect the cladding profile 
that can be obtained. For ferrule materials, such as ceramic (Zirconia), that are harder 
than the fused silica, that forms optical fibers, a concave cladding shape can be readily 

30 achieved. Convex and flat cladding profiles can also be made using ceramic ferrules, 
depending on the initial polish profile of the fiber end and the pressure, time and 
materials used in the final polish process. Note that the initial or starting polish 
profile of the fiber end may be different, e.g., flat (planar) or domed. The starting 
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profile of the fiber end face can affect the shaped profile of the fiber end. Glass 
ferrules can result in either flat or convex cladding profiles. 

When the same ferrule material is employed, the cladding profile achieved but 
5 polishing can be affected by many factors, such as polishing pressure, polishing time, 
and polishing agents. For example, the fiber cladding protrusion (convex) of 
borosilicate-ferruled pigtails can range fi-om 10 nm to 500 nm from the ferrule surface 
depending on these final polish parameters (e.g., pressure and time). 

10 The radius of curvature of the core can be varied using polishing techniques 

e.g. from over 12 mm to less than 0.3 mm. The radius of curvature of the fiber core 
end (RCC) can affect the properties of the filter. Experiments show that the RCC 
should be adjusted to about 1 mm or less (when using fibers with core diameters of 10 
micron) to achieve low loss filters. The fiber end profile can be adjusted by selecting 

15 the initial profile of the fiber end, selecting the final polishing cloth and polishing 
agent, and by selecting the time and pressvire for polishing. 

Fiber ends with concave core profile as shown in (a)-(f) of Figure 6 are all 
readily achieved by polishing methods applied to fibers with softer cores. Table 1 
20 summarizes the relative advantages and disadvantages of several combinations of 
fiber end shapes. 

Those of ordinary skill in the art will appreciate that a given fiber end contour 
profile, such as a fiber core contour profile and/or fiber cladding contour profile, with 
25 a can be introduced at a fiber end by incremental polishing and or grinding by various 
known techniques with periodic assessment of the profile using an optical profiler as 
is known in the art. 

Fiber ends can also be shaped and contoured as described herein using laser 
30 and chemical etching techniques and by molding techniques such as those described 
in M.D. Salik; C. Nicolas, A. Carre' and S.J. Caracci "Fiber Fabry-Perot 
Interferometer for Optical Channel Monitoring (2002). 
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Fig. 7 shows a microscopic plot of a typical double concave fiber endface 
measured using an optical profiler e.g.. Wyko® FOT (TM) (Veeco Instruments, 
Woodbury NY). Measurements like those illustrated in Fig. 7 can be employed in 
combination with polish, grinding, etching and or molding techniques to generate 
5 fiber end profiles of selected shape, contours and radii of curvature. In the illustrated 
profile, the measured radius of the core is about 5.3 microns and the measured radius 
of the cladding is about 57 microns. Exemplary embodiments of the present invention 
have fiber core ends with a radius of curvature having a value selected over the range 
of about 1 micron to about 20 microns and have fiber cladding ends with a radius of 
10 curvature having a value selected over the range of about 5 microns to about 100 
microns 

With the same concave core profile different combinations of cladding profile 
result in different filter characteristics, loss, GFDR, and misalignment sensitivity. For 

15 example, filters with two concave claddings, as shown in Fig. 4A and Fig. 6a, can 
have low loss (<3dB) and high finesse (F>4,000) even when two mirrors are separated 
apart by -25 microns. GFDR of such filters with FSR of about 130 nm is relatively 
high, ~ 40 dB, but is relatively sensitive to angular misalignment. The strong beam 
shaping effect fi-om the cladding results in high amplitude in the spxuious spectral 

20 content or glitch. 

To increase GFDR, and suppress the glitch amplitude, two convex shaped 
claddings can be used. In this case, GFDR can be as high as over 70 dB with non- 
detectable side-mode amplitude. However, in this design loss is much more sensitive 
25 to misalignment, and the filter can be (compared to other designs of this invention) 
more difficult to assemble in a fixture. 

For FFP filters with reasonably good loss, GFDR, and misalignment 
sensitivity, the following cladding profile combinations, flat and flat, flat and 
30 concave, flat and convex, and convex and concave, are preferred. Filters with these 
cladding combinations can be easily aligned and constructed in fixtures. A drawback 
of convex claddings obtained by shaping of the ends of glass ferruled pigtails is that 
the fiber protrusion tends to damage the mirrors during filter assembly due to mutual 
impact. Therefore, a protruded convex cladding is better used in convex concave 
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combination. It will also be appreciated that a fiber with a mirrored concave fiber 
core end can be combined with fibers in which the core end is not concave, but which 
have with flat, concave, domed (convex) or otherwise shaped fiber ends which can be 
readily prepared by known methods or are commercially available. 

5 

The use of mirrors with concave fiber core ends not only work well as a pair to 
form waferless filters, but also improves filter performance significantly when paired 
with a wafer, as shown in Figure 5. Such a combination improves not only 
transmission performance of wafered filters with wide FSRs (up to 50000GHz), but 

10 also reflection characteristics of wafered filters with smaller FSRs. Compared with a 
flat-core mirror, a mirror with concave core can increase GFDR of a wafered filter by 
4-10 dB, decrease loss by 1-3 dB, and increase reflection contrast by 3-10 dB. By 
using a wafer and a flat-core mirror combination (the standard combination), it is 
difficult to achieve wide FSR filters with low loss and large GFDR in standard PZT 

15 fixtures. However, by changing the flat-core to a concave-core mirror, the loss 
misalignment sensitivity is improved significantly, and GFDR can be easily increased 
to 40 dB. The shaped fiber ends of this invention can be combined in other wafered 
FFP configurations which may for example contain two (typically) or more wafers. 
In each case, the FFP of the wafer or waveguided FFP will contain a fiber gap to 

20 allow adjustment of the cavity length (in a fixed filter configuration) or to allow 
tuning of the FFP. The shaped fiber ends of this invention are employed on one or 
both of the fiber ends (which optionally have a mirror coating) that form the gap in 
the FFP filter cavity. The use of the shaped Fiber ends described herein in the 
wafered and waveguided FFPs result generally in improvements in filter performance. 

25 

Those of ordinary skill in the art will appreciate that methods, materials and 
configurations other than those specifically exemplified herein can be employed in the 
practice of this invention as claimed without undue experimentation. For example, 
various methods for polishing, grinding and shaping a fiber end other than those 
30 specifically exemplified are known in the art and can be used to achieve the fiber end 
shapes described herein. Fiber core and cladding materials and ferrule materials other 
than those specifically exemplified herein are known in the art and can be employed 
in the practice of this invention. Alignment fixtures other than those specifically 
exemplified herein are known in the art and can be employed to align, maintain 
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alignment and adjust the cavity length of FFP filters of this invention. Known 
functional equivalents of materials and methods specifically exemplified herein are 
intended to be encompassed by the invention. 

5 All references cited herein are incorporated by reference herein in their 

entirety to the extent consistent with the present invention, in particular to provide 
additional examples of alignment fixtures, fiber core, cladding and ferrule materials 
and methods for selecting and adjusting the shape of a fiber end. 
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5 Table 1 . Comparison of FFPs formed by mirrors with concave cores and different 

cladding profiles. 



Cladding combination 


Advantage 


Disadvantage 


Concave - concave 


-Low loss, 
-Reasonable GFDR, 


-Misalignment sensitivity for 
GFDR, 

-High glitch amplitude. 


Convex — convex 


-Large GFDR, 
-Reasonable loss. 


-Misalignment sensitivity for 
loss. 

-Mirror touching. 


Concave - convex 


-Reasonable loss, GFDR, and 
misalignment sensitivity. 




Flat -flat 


-Reasonable loss, GFDR, and 
misalignment sensitivity. 




Flat — concave 


-Reasonable loss, GFDR, and 
misalignment sensitivity. 




Flat - convex 


Reasonable loss, GFDR, and 
misalignment sensitivity. 
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